Recent genome-wide association studies (GWAS) and subsequent meta-analyses have identified over 25 SNPs at 18 loci, together accounting for >15% of the genetic susceptibility to testicular germ cell tumour (TGCT). To identify further common SNPs associated with TGCT, here we report a three-stage experiment, involving 4098 cases and 18 972 controls. Stage 1 comprised previously published GWAS analysis of 307 291 SNPs in 986 cases and 4946 controls. In Stage 2, we used previously published customised Illumina iSelect genotyping array (iCOGs) data across 694 SNPs in 1064 cases and 10 082 controls. Here, we report new genotyping of eight SNPs showing some evidence of association in combined analysis of Stage 1 and Stage 2 in an additional 2048 cases of TGCT and 3944 controls (Stage 3). Through fixed-effects meta-analysis across three stages, we identified a novel locus at 3q25.31 (rs1510272) demonstrating association with TGCT [per-allele odds ratio (OR) 5 1.16, 95% confidence interval (CI) 5 1.06-1.27; P 5 1.2 3 10 29
INTRODUCTION
Testicular germ cell tumour (TGCT) is the most common malignancy in men aged 15-45 years (1) . Incidence of the disease varies considerably between ethnic groups, with populations of Western European descent showing significantly higher incidence than African or Asian populations (2) . Incidence of TGCT has increased rapidly in recent decades, with rates more than doubling in Norway, Finland and parts of Israel/Germany over the past 30 years (3, 4) . Rates in the UK, USA and the majority of other European countries have experienced increases in the range 50 -75% across the same time period (2) . A plateauing effect is beginning to emerge in certain countries, such as Denmark and Switzerland (5); however, the general trend of rapidly growing incidence is expected to continue (2) . Reported risk factors for TGCT include a family history of the disease, a history of undescended testis, microlithiasis (6) as well as history of previous germ cell tumour. Numerous studies have investigated the influence of environmental and maternal risk factors on TGCT, but these association remain inconclusive and explanation for the rapid rise in incidence to date remains elusive (7, 8) . Studies 1169-1176 doi:10.1093/hmg/ddu511 Advance Access published on October 3, 2014 with the general male population, the risk of TGCT to brothers of a case is elevated 8-to 10-fold and to fathers/sons of a case 4-to 6-fold. These risks are substantially higher than the equivalent familial relative risks of 2-fold typical for common cancers such as breast, colorectal and prostate (9) . Twin studies of testicular cancer, which are although small in size, demonstrate a higher risk to monozygotic than dizygotic twins (10) . In addition, migration studies show that lower risk immigrant populations maintain lower disease rates, even after several generations of settlement in higher risk host countries (11) . Together these epidemiologic and genetic epidemiologic observations support a significant genetic component contributing to development of TGCT.
Linkage analysis undertaken in 237 families identified no genetic loci showing clear evidence of linkage to TGCT, and through candidate association studies, only a single rare deletion of the Y-chromosome was identified, accounting for ,1% of the familial risk of TGCT (12, 13) . More recently, genome-wide association studies (GWAS) of TGCT have been conducted, which together have identified a total of 18 loci predisposing to testicular cancer risk, accounting for 15-20% of the familial risk of TGCT (14) (15) (16) (17) (18) (19) (20) , see Table 1 . The first locus identified at 12q21, encompassing KITLG, remains the strongest genetic risk factor for TGCT, with a per-allele odds ratio (OR) in excess of 2.5. KITLG encodes the ligand for the membranebound receptor tyrosine kinase KIT, and the KIT/KITLG system is of interesting relevance to TGCT due to its role in regulating the survival, proliferation and migration of germ cells (21) . Furthermore, somatic mutations in KIT are observed in 10% of human TGCTs, and mouse models with germline heterozygous deletion of KITLG demonstrate an increased risk of testicular tumours (22, 23) . In addition, the second (5q31, SPRY4) and third (6p21, BAK1) TGCT risk loci also reside in related pathways. For example, SPRY4 inhibits the mitogen-activated protein kinase pathway, which is activated by KIT/KITLG, whereas BAK1 expression is negatively regulated by KIT (24, 25) . The most recent TGCT risk loci identified across 2010 -2013 have also provided plausible insights into testicular germ cell tumorigenesis, implicating genes involved in germ cell differentiation/specification (DAZL at 3p24.3, PRDM14 at 8q13.3), sex determination (DMRT1 at 9p24), telomerase regulation (TERT/CLPTM1L at 5p15, ATF7IP at 12p13, PITX1 at 5q31.1) and microtubule assembly (TEX14 at 17q22, CENPE at 4q24, PMF1 at 1q22, MAD1L1 at 7p22.3) (14 -16,19) .
It is likely that a significant proportion of the remaining 80-85% of unexplained genetic susceptibility to TGCT resides in additional common SNPs, as yet undetected. Power calculations for TGCT GWAS analyses suggest that whereas it is unlikely that additional SNPs of the frequency and effect size of the 12q21(KITLG) locus remain unidentified, there are multiple further SNPs associated with TGCT of more modest effect sizes (14) (15) (16) . However, as per studies in other diseases, identification of these additional novel SNPs is increasingly challenging, demanding studies of larger sample size or more complex design to acquire the necessary statistical power to detect common SNPs of progressively lower effect size. To identify further common SNPs associated with TGCT, here we undertook a three-stage experiment, involving 4098 cases of TGCT and 18 972 controls. We report a novel locus at 3q25 (rs1510272) for which association with TGCT was evident across all three experimental stages with resulting fixed-effects meta-analysis achieving genome-wide significance of P , 5 × 10
28
.
RESULTS
Genome-wide association analysis was undertaken in 986 cases of TGCT and 4946 controls for 307 291 SNPs that passed our quality control (QC) criteria (Stage 1) as previously described (14, 16) . Six hundred and ninety-four of the most strongly associated SNPs from Stage 1 were included on a customized Illumina iSelect genotyping array for which we genotyped 1064 A combined fixed-effects meta-analysis was performed using data from all three experimental stages, across the eight selected SNPs (see section Materials and methods). In the combined meta-analysis, two SNPs were identified with P-values , 5 × 10 28 . One of these associations was the marker rs3778969, which is at the 7p22.3 locus (MAD1L1). This association has since been elsewhere reported, with an OR consistent with that which we detected (19) . We also identified novel association for SNP rs1510272 at loci 3q25.31 (per-allele OR ¼ 1.16, 95% CI ¼ 1.06 -1.27; P ¼ 1.2 × 10 29 ) ( Table 2 ). For our newly identified SNP at 3q25, we examined evidence of departure from a log-additive (multiplicative) model, to assess any genotype-specific effect. Using Stage 3 data, the individual genotypic ORs were calculated to be OR het ¼ 1.10, OR hom ¼ 1.29, compared with the per-allele OR ¼ 1.16 with the common variant as the baseline. Testing for a difference in these 1 d.f. and 2 d.f. logistic regression models shows there is no evidence of deviation from a log-additive model (P ¼ 0.61). We also tested for the evidence of interaction between this new SNP and h P meta : P-value for fixed-effects meta-analysis. Figure 1 . Three-stage study design: Genotyping conducted over three stages comprising non-overlapping samples from the UK.
Human Molecular
any of the 15 existing TGCT loci previously identified within our group, using Stage 1 data. For each SNP:SNP pair, the combined risk was consistent with the product of the individual risks; hence, no significant deviation from a log-additive combination of risks was observed. rs1510272 lies in a linkage disequilibrium (LD) block of 51 kb at 3q25.31, in an intergenic region flanked by genes SSR3 (encoding signal sequence receptor, gamma) and KCNA1B (encoding potassium voltage-gated channel, shaker-related subfamily, beta member) in the 5 ′ direction and TIPARP [encoding TCDD-Inducible Poly(ADP-Ribose) Polymerase] located 92 kb 3 ′ to the SNP (Figs 2 and 3) . Of these flanking genes (which lie in different LD blocks to that of rs1510272), TIPARP is of most biological relevance, owing to its reported function in the platelet-derived growth factor (PDGF) signalling pathway (27, 28) . The PDGF pathway is required for correct development of both foetal and adult Leydig cells, which are located adjacent to the seminiferous tubules in the testicle and are responsible for producing testosterone (29) . Of note, in male humans, a number of testicular abnormalities including undescended testes have been linked to testosterone insufficiency (30) .
To fine map the new locus, imputation was performed based on Stage 1 experimental data (986 cases and 4946 controls) and using 1000 Genomes reference panel data, as detailed in the section Materials and methods. There were no imputed SNPs with a stronger signal than rs1510272, the strongest imputed association was from rs10663738 (P ¼ 9.5 × 10 27 ), located 23 kb upstream of our reported SNP, with all of the top 10 imputed hits (P , 3.0 × 10
26
) clustered in a region 10-25 kb upstream of our lead SNP (Fig. 3 ). There were no strongly associated SNPs within the coding regions of either SSR3 or TIPARP; the strongest association at this locus within any coding region was at rs2280031 (P ¼ 8.7 × 10 25 ), in exon 13 of KCNA1B; however, the base substitution is synonymous.
We then investigated for evidence of association between genotype and differential gene expression at rs1510272 using eQTL (expression quantitative trait loci) data. The strongest association identified (P ¼ 0.007) was for SSR3 expression in data from T-cells: however, after correction for testing in multiple tissue types, this result no longer remained significant (corrected for 20 tests, adjusted P-value threshold ,0.0025). There was no evidence of the association between rs1510272 and TIPARP expression in the range of cell types available (31) . To refine the signal at this locus, we next assessed SNPs in the same LD block as rs1510272, under the hypothesis that the functional mechanism of association lies elsewhere in the block. There were 112 SNPs in LD with our lead SNP (r 2 .0.4), which we again tested for association between genotype and differential gene expression using the same eQTL data as mentioned above. Of the 112 SNPs tested, the strongest association was mediated through SNP rs3773714 (r 2 ¼ 0.40), which had association with differential SSR3 expression of P ¼ 3.1 × 10
24
. Using a P-value threshold of P , 6.0 × 10 25 (corrected for 784 tests, i.e. 112 SNPs in 7 cell lines), this association no longer remained significant. These expression data relate to analyses in fibroblasts and lymphocytes: evaluation of the influence 
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Human Molecular Genetics, 2015, Vol. 24, No. 4 of rs1510272 and other SNPS in the LD block upon gene expression in testicular germ cells would be more informative. Enhancer histone markers at rs1510272 are reported in several cell types in both ENCODE and ROADMAP (32, 33) . In addition, rs1510272 is shown to be a DNase hypersensitivity site in several cell types and also has chromatin immunoprecipitation (ChIP) evidence of the transcriptional regulator Early B-Cell Factor 1 (EBF1) binding at this site (32) . Again these data largely relate to analyses in lymphocytes: evaluation in testicular germ cells of functional elements relating to rs1510272 would be more informative with regard to possible mechanisms of transcriptional regulation.
DISCUSSION
In this study, we report a three-stage GWAS experiment, genotyping over 23 000 individuals, to identify a novel locus at 3q25 demonstrating association with TGCT risk, taking the total count of TGCT risk loci to 19. In addition, we confirmed association of the recently reported loci at 7p22.3, with an OR consistent with published estimates.
Functional annotation of rs1510272 is challenging given its position in an intergenic region, although analysis of publically available transcriptional regulation and expression data has provided evidence suggestive of a possible long range regulatory mechanism. Expression data from testicular germ cells would be required to further assess the exact nature of these functional relationships.
This new locus at 3q25 accounts for a modest 0.2% of the genetic susceptibility (excess familial risk) to TGCT, bringing the cumulative total across all 19 loci to 16.4 and 23.8% for brothers and fathers/sons of TGCT cases, respectively. In more common cancer types, increasingly large association studies are continuing to identify common variants associated with disease. In breast cancer, .77 SNPs have been associated with the disease and in prostate cancer .70 (34, 35) . Modelling of data from these analyses in breast and prostate cancer suggest that there may be thousands of common loci of very modest effect underlying these cancers (34, 35) . Based on our prior analysis (15) , it is likely that there are several additional loci for TGCT of similar or lesser effect to rs1510272, which may be identifiable via additional follow-up studies of our data or via meta-analyses in combination with other GWAS datasets. Novel GWA studies and genome-wide imputation using data from densely genotyped reference panels will likely assist in identification of additional loci, further explaining the missing heritability derived from common genetic variation. However, it is unclear what proportion of the common variation associated with TGCT will be tractable in experiments of a size feasible to perform in this uncommon cancer type. Given the rapid increase in TGCT incidence, studies of environmental risk factors will also be of particular interest, as well as the identification of gene -environment interactions which may also account for a portion of unexplained heritable risk.
The question of potential clinical utility from these common SNPs still remains an area of active debate as the strong effect sizes observed in TGCT loci support the potential for meaningful risk profiling among men. This could in turn enable strategies of screening and targeted prevention. Using these 19 TGCT risk markers under a polygenic risk score (PRS) model and assuming no interaction between SNPs, the top 1% of men with the highest risk genotypes have a 8.7-fold elevated risk of TGCT compared with population average. In comparable PRS models for breast and prostate cancer, the individuals in the top 1% of risk show only a 3-and 5-fold increase in risk, respectively (34) (Mavaddat et al. 2014, manuscript submitted). Despite this superior performance in risk discrimination, a number of factors continue to limit the potential utility of genetic screening at a population level, not least the rare nature and good clinical prognosis of TGCT. However, targeted strategies such as screening populations with already elevated baseline risk could afford a more immediate clinical opportunity.
In summary, via genotyping of 4098 cases of TGCT and 18 972 controls across a three-stage experiment, we have identified a new risk locus for TGCT at 3q25 in addition to the 15 previously reported by our group, taking the total number of associated loci reported to 19 (14) (15) (16) . It is likely there are several additional loci for TGCT of similar or lesser effect to rs1510272, which may be identifiable via additional follow-up studies and collaborative meta-analyses in combination with other GWAS datasets (15)
MATERIALS AND METHODS

Samples
See Supplementary material.
Stage 1: GWAS
Cases were genotyped on the Illumina HumanCNV370-Duo bead array, and controls were genotyped on the Illumina Infinium 1.2M array at the Wellcome Trust Sanger Institute, as previously described (14, 16) . We used data on 314 861 SNPs that were successfully genotyped on both arrays. We excluded individuals: with low call rate (,95%), with abnormal autosomal heterozygosity or with .10% non-Western European ancestry (based on multi-dimensional scaling). We included 986 cases and 4946 controls in the final analysis. We filtered out all SNPs with (i) minor allele frequency of ,1%, (ii) a call rate of ,95% in cases or controls or (iii) minor allele frequency of 1 -5% and a call rate of ,99% or (iv) deviation from HardyWeinberg equilibrium (10 212 in controls and 10 25 in cases).The final number of SNPs passing QC filters was 307 291, for which SNP and TGCT risk association was tested for (and per-allele ORs were estimated), 1 df, using logistic regression adjusting for principal components 1 -6 as covariates. All other statistical methods were performed as previously described (14, 16) .
Stage 2: iCOGs
Genotyping was conducted using a custom Illumina Infinium array (iCOGS array) comprising 211 155 SNPs selected across multiple consortia within the Collaborative Oncological Geneenvironment Study (COGS), as previously described (15, 36) . Of the 1050 SNPs submitted from our analysis, 740 attained an Illumina design score of ≥0.8 and were included on the array. Quality control (QC) was conducted on the full SNP set of 211 155 SNPs on the iCOGS array, with QC exclusions applied as follows to subjects: (i) subjects with overall call rate of ,95% or low or high heterozygosity (P , 10 26 ) (5 cases), (ii) using identity-by-state estimates based on 37 046 uncorrelated SNPs, we identified 'cryptic' duplicates and related samples and the sample with the lower call rate was excluded (7 cases), (iii) we identified ethnic outliers by multi-dimensional scaling by combining the iCOGS data with the 3 Hapmap2 populations using 37 046 uncorrelated markers and removed individuals with .10% non-Western European ancestry (18 cases). We included 1064 cases and 10 082 controls in the final analysis. QC was applied to SNPs as follows: (i) discrepant calls in .2% of duplicate samples across COGS consortia, (ii) call rate of ,95%, MAF ,1%, call rate ,99% if MAF ¼ 1 -5%, (iii) deviation from Hardy -Weinberg (P , 10 25 in controls, P , 10 212 in cases). Following QC exclusions applied individually to case and control data, we included genotypes from 694 SNPs in subsequent analyses. Association between genotype and TGCT risk was tested using a 1-df trend test, adjusted for principle components 1 -6. All other statistical methods were performed as previously described (15) .
Stage 3: Taqman genotyping
Genotyping for Stage 3 was performed by 5 ′ exonuclease assay (Taqman) using the ABI Prism 7900HT Sequence Detection System according to the manufacturer's instructions. Primers and probes were supplied directly by Applied Biosystems, with seven of the eight SNPs available pre-designed 'off-theshelf' and one SNP (rs1849003) requiring custom design. Assays included four negative controls per plate, and 2% of all genotyped samples were duplicated (spread across the plates) as within-platform duplicates (observed concordance 97.1%). In addition, 1696 controls genotyped in Stage 1 were included as cross-platform duplicates in Stage 3 (observed concordance 99.3%). All duplicated samples were excluded from the subsequent Stage 3 analysis.
Statistical analyses
The eight SNPs in Stage 3 were tested for TGCT risk association, and per-allele ORs were estimated, 1 df, using logistic regression in-line with the Stage 1 and Stage 2 analyses. We then obtained overall combined significance levels across all three stages using a fixed-effects meta-analysis, to derive a 1-df test, using a threshold of P , 5 × 10 28 to denote genome-wide significance.
We examined for statistical interaction between rs1510272 and the existing 15 TGCT predisposition loci identified in our group (using Stage 1 data) by evaluating the effect of adding an interaction term to the regression model, using a likelihood ratio test (using a significance threshold of P , 0.003 to account for 15 tests).
The LD block at this locus was evaluated using the HapMap recombination rates (cM/Mb) and defined using the Oxford recombination hotspots (26) . The LD block was mapped and visualized using Haploview software. To further refine LD patterns at this locus, we identified all variants correlated with our sentinel SNP (r 2 . 0.4 and ,250 kb) as reported within the 1000 genomes project. We used the ENCODE and HaploReg databases to investigate for evidence of transcriptional regulation at our identified locus, to assess whether: (i) the variant resides in a region in which modification of histone proteins is suggestive of enhancer and other regulatory activity (H3K4Me1 and H3K27A histone modification) or promoter activity (H3K4Me3 histone modification), (ii) whether the variant lies in a region where the chromatin is hypersensitive to cutting by the DNase enzyme (suggestive of regulatory region), (iii) whether the variant lies in a region of binding of transcription factor proteins [as assayed by chromatin immunoprecipitation with antibodies specific to the transcription factor followed by sequencing of the precipitated DNA (ChIP-seq)], (iv) whether the variant affects a specific regulatory motif, as evaluated from position-weighted matrices assembled from TRANSFAC, JASPAR and protein-binding microarray experiments.
We investigated for evidence of association between the SNPs at our locus and changes in gene expression using GENEVAR, a database for analysis of SNP -gene interactions using eQTL (expression quantitative trait loci) studies. Data were available for four sources: (i) lymphoblastoid cell lines (LCL) from 726 HapMap individuals adipose (HapMap3), (ii) LCL and skin collected from 856 healthy female twins of the MuTHER resource (Muther pilot Twin 1), (iii) adipose, LCL and skin derived from a subset of 160 MuTHER healthy female twins (Muther pilotTwin2) and (iv) fibroblast, LCL and T-cells derived from umbilical cords of 75 Geneva GenCord individuals (Gencord). Spearman Rank Correlation between normalized gene expression levels and the count of one of the alleles of the SNP (0, 1 or 2) was analysed with significance assessed by permutation (10 000 permutations). Expression of genes within 250 kb of the sentinel SNP was examined; a formal threshold to account for multiple testing was not established as due to insufficient levels of association to warrant further testing. All genomic references are based on NCBI Build 36. Analyses were performed using R (v3.02), Stata12 (State College) and PLINK (v1.07) software.
Imputation
In order to fine map this locus, imputation was performed across a 5-Mb region centred on rs1510272, using the genotyped data from Stage 1. The 1000 genomes phase 1 data (Sept-13 release) were used as reference panel, with haplotypes prephased using SHAPEIT2. Imputation was performed using IMPUTE2 software; the association between imputed genotype and TGCT was tested using SNPTEST, under a frequentist model of association. QC was performed on the imputed SNPs, excluding those with INFO score ,0.8 and MAF ,0.01.
